The paper presents the study results of Fe-B coatings produced on C45 steel using laser cladding with powder technology. For this purpose, 5-axis CNC laser machining center equipped with Yb:YAG disk laser with a power rating of 1 kW and three streams powder feeding system. The powder that was used to produce Fe-B coatings was subsequently modified by the particles of boron carbide B 4 C and Si particles. The resulting powder mixture to the particles included 25 wt % respectively 20% B 4 C, 5% Si. During these studies a laser beam power of 600 W and variable scanning speed 600 mm/min, 800 mm/min and 1000 mm/min were used. Thickness and microhardness of coatings were investigated and relationship between these properties and microstructure of the applied production parameters were described. The microstructure of producing coatings was characterized by dendritic shape. It was found that boron carbide particles and silicon particles have significant influence on increase the microhardness of produced coatings. Coatings were produced using the prepared powder mixture allowed to obtain more than twice greater microhardness than in case of coatings produced using only the Fe-B powder. Phase composition was examined by XRD. Phases of Fe 3 B, Fe 5 Si 3 , Fe 2 Si and SiB 6 were identified. The influence of B 4 C and Si particles in the mixture of powder on the corrosion resistance of produced coatings were discussed. It was found gradual reduction of corrosion resistance with decreasing scanning speed of laser beam. Less scanning speed result in less intense interaction of laser beam on the material. As a result of this, the remelting degree of powder material with steel substrate was smaller. The surface condition after corrosion tests were examined using a scanning electron microscope. This paper also shows a calculation related to the power density of the laser beam, interaction time of beam on material and fluence.
INTRODUCTION
There are many methods of surface engineering used to improve the surface layers properties of machine parts [1÷6] . In recent time, there is a great interest of coatings production by the high energy methods [1÷14] . In whole world, the laser cladding with powder is increasingly applied [15÷32] . Laser cladding is a process during which the powder is deposited on substrate material, and this two kind of materials are fused by metallurgical bonding through the action of a laser beam. Laser cladding is widely used as one of the surface modification techniques. The main fields of application is primarily the aircraft industries and automotive. This method requires the laser device equipped to remelting powder with substrate and some kind of powder feeding system. The idea of method is to produce coating with good bonding to substrate and obtain minimal thickness of heat affected zone. An important advantage of this method is ability to produce coating characterized by individual chemical composition. Laser cladding can be used to produce wear and corrosion resistant coatings.
In the paper [16] the authors found that laser cladding of Ni-WC composites with a high weight fraction of WC is disadvantageous because the coating demonstrated cracking susceptibility, non-homogeneity of coating, and WC particle dissolution. Laser cladding of Ni-60% WC using a high-power diode laser was investigated. The effects of synthesizing a nano-WC powder and rare-earth element (RE) on the quality of Ni-WC coatings were investigated. In the same paper the heating effect by induction heater on the quality of laser cladded coating was analysed. It was observed that laser cladding assisted with an induction heater caused smooth and homogeneous composite coatings without cracks or porosity. The authors found that the addition of nano-WC particles and La 2 O 3 enhanced the coating homogeneity. The average coating microhardness was improved to 1400 HV by adding nano-WC particles (5%) and to 1200 HV by adding La 2 O 3 (1%) [16] .
In the paper [17] the influence of FeCrBSi alloy powder with higher Cr content by using laser cladding by means of a 3 kW solidstate laser on microstructure and microhardness was analysed. Niand Fe-based alloy powders, which were more resistant to cracking, were added into FeCrBSi alloy powder with higher Cr content to increase the ductile phases, lower thermal expansion coefficient, and reduce the crack sensitivity of the cladding layer. The hard phases of the cladding layer were composed of carbide phase M 23 C 6 , and the ductile phases which played a lubrication function in the cladding layer and were composed of austenite γ-Fe and γ-Ni. The average microhardness of the cladding layers varied from 760 HV0.2 to 950 HV0.2.
In paper [18] a Fe-based composite coating reinforced by in situ synthesized TiC particles was produced on Cr12MoV steel by using 6 kW fiber laser cladding. After laser cladding the α-Fe, TiC and Fe 3 C phases in the cladded layer were detected. TiC particles commonly precipitated in three kinds of morphologies, such as quadrangle, cluster, and flower-like shape. From the surface of cladding layer to the substrate the microhardness is up to 930 HV0.5, obviously higher than that of the substrate. The high hardness of cladded layer is ascribed to the presence of TiC reinforcements, martensitic transformation and fine grain structure from rapid melting and cooling. There is a clear lack of papers about production technology of laser cladding the Fe-B coating reinforced by carbide particles.
In this paper the laser cladding using mixture powders with FeB, B 4 C and Si is presented. The microstructure, microhardness and corrosion resistance of surface layer produced on C45 steel using these mixed powders were analysed.
RESEARCH METHODS
C45 steel of chemical composition presented in Table 1 was investigated. The specimens of about 60 mm length, 12 mm width and height of 4 mm were used.
Laser cladding was carried out using a TRUMPF Laser Cell 3008 5-axis CNC device with TruDisk 1000 laser. The nominal power of laser was 1000 W and during these studies were used the following parameters: laser beam power P = 600 W, and scanning speed v = 600 mm/min, v = 800 mm/min and v = 1000 mm/min. The diameter of laser beam was equal to 1 mm.
Laser tracks were arranged as multiple tracks with the distance f = 0.75 mm, it was the distance between the axes of adjacent tracks. Overlapping of laser tracks was 25%.
Two kinds of powders were used in this investigation. The first one consisted of Fe-B alloy. The second mixture consisted of 75% Fe-B, 20% B 4 C and 5% Si. Composite coatings were prepared by laser cladding technology using a Yb:YAG disk laser with a powder feeding system.
The microstructures of specimens cross-sections after polished and etched were observed using HUVITZ HRM-300 light microscope equipped with camera as well as using scanning electron microscope TESCAN VEGA 5135 with a PTG Prism Si(Li) energy dispersive X-ray spectrometer (EDS).
Coatings after laser cladding were prepared by using standard metallographic techniques: ground with SiC abrasive papers of the different granularity, and finally, polished with 0.1 µm Al 2 O 3 paste. In order to reveal the microstructure, the layers were etched in 2% HNO 3 solution.
The phase analysis of coatings was carried out using PANalytical EMPYREAN X-ray diffractometer using Cu K α radiation.
To determine the microhardness profiles a ZWICK 3212 B Vickers hardness tester was used. The tests were conducted under the load of 100 G (about 0.981 N) and a loading time of 15 s.
Corrosion resistance of producing coatings was tested in a 5% solution of NaCl at temperature of 22°C on the surface of 50 mm 2 . The studies were performed on a potentiostat-galvanostat ATLAS 0531 EU & IA ATLAS SOLLICH. Auxiliary electrode was a platinum electrode, and the reference electrode was a calomel electrode. The polarization of the samples was carried out in the direction of the anode in the range of potentials from -1.5 to 0.0 V. The study was conducted at a rate of change in potential of 0.5 mV/s. Based on the analysis of current curves potentiodynamic corrosion and corrosion potential were determined.
RESULTS AND DISCUSSION
In Figure 1 was shown microstructure of Fe-B coating produced using laser cladding with powder technology. This microstructure consisted of three zones: remelted zone, heat affected zone (HAZ) and steel substrate. Remelted zone was composed of martensite saturated with boron. The thickness of this zone was approximately 590 µm. Due to the fact that the powder material was ferroalloy, the boundary between remelted zone and substrate was not good visible during the observation under a light microscope in the bright field. So Nomarski contrast that gives the effect of quasi-spatial image was used. This allowed revealed parabolic remelting line. Tempered martensite composed of needles were observed in the heat affected zone. In substrate material, the typical microstructure of medium carbon steel -pearlite and ferrite was observed. Fe-B coating was very well bonded to the steel substrate (diffusion and metallurgical). There was observed no cracks and no porosity. Preparation of Fe-B coatings was a contribution to a process of modification it by boron carbides and silicon particles.
In Figures 2÷4 were shown microstructure of Fe-B coating reinforced with boron carbides B 4 C and Si particles produced using laser cladding. Similarly to Fe-B coating, these also consist of remelted zone and heat affected zone. Remelted zone was composed of borides eutectic with martensite. Heat affected zone was composed of martensite needles. The thickness of remelted zone was approximately 830 µm. Increasing the thickness of this coating compared to Fe-B coating resulted from the insertion in the powder mixture the materials characterized by higher capacity and thermal conductivity. Heat stocked in their led to greater remelting of the substrate. Application of a powder mixture with boron carbide particles and silicon particle allowed to produce a completely new coatings highly visible under microscope. The Fe-B coating reinforced by boron carbide and silicon particles was shown in Figure  2a . The coating produced using a laser beam power equal to 600 W and a scanning speed of 600 mm/min. To better compare them with the Fe-B coatings, same method microscopy (Nomarski contrast) was used. Remelted zone is very well bonded with steel substrate, what is shown in Figure 2b . This zone has a dendritic microstructure, and this dendrites are arranged in directions of heat dissipation through the substrate. In this zone were also visible connection sequence performed laser tracks. It was also observed that each new track causes a significant tempering the portion of previous track (Fig. 2c) . As a result, the laser tracks were characterized by heterogeneity microstructure. On the border between the two tracks the bright particles that were most likely phases containing boron and silicon were identified.
In Figures 3 and 4 were shown the coatings produced with the same laser beam power equal to 600 W, but at higher scanning speeds it means respectively 800 mm/min (Fig. 3) , and 1000 mm/min (Fig. 4) . It has been found that the microstructure of these coatings are very similar to that produced at a scanning speed equal to 600 mm/min. The main differences were in thickness of coatings and in size of the dendrites and bright grains on the border between laser tracks. With the increase in the scanning speed, both dendrites and grains were decreased. This was the result of a shorter impact the laser beam on material and lower fluence ( Table 2 , the calculation according to the paper [19] ). X-ray phase analysis of produced coating was performed. In the case of Fe-B coating the presence of a very intense peak derived from iron was revealed. The presence of boron in the coating contributes to the development of equilibrated Fe 3 B phase. It is created during the rapid melting and solidification of supplied powder to the laser beam. It was found that the intensity of Fe 3 B phase is increased in the case by using a powder mixture of Fe-B + B 4 C + Si. This is likely related with the increase in boron content in coating due to the presence of B 4 C phase. In Fe-B coatings reinforced by B 4 C and Si particles was found a significantly lower intensity of peak derived from iron. In connection with the presence of silicon particles in the powder mixture, the phases containing this element were identified. The X-ray phase analysis revealed the existence of following phases: iron silicides Fe 2 Si and Fe 5 Si 3 silicon boride SiB 6 . Microhardness testing was carried out, and results of study were presented in Figure 5 . The lowest microhardness was obtained for laser cladded of Fe-B coatings. Microhardness in the remelted zone was equal approximately 450÷500 HV. In heat affected zone microhardness decreased to a value of 300 HV and in substrate to 200 HV. The lowest microhardness was associated with a large amount of iron in coating. The addition of boron carbides B 4 C and Si particles to the Fe-B powder led to formation the coating characterized by increased microhardness in comparison to Fe-B coating. The highest microhardness was obtained in the case of the Fe-B + B 4 C + Si coating prepared using a scanning speed equal to 800 mm/min. The microhardness value was equal to about 1000 HV. The lowest scanning speed (600 mm/min) contributes to production the slower heat dissipation and resulting in decrease microhardness of this coating. The microhardness of this coating in cross-section was ranged from approximately 700 to 1000 HV. The lowest microhardness in the case of Fe-B + B 4 C + Si coatings was obtained using a scanning speed of 1000 mm/min. It can be assumed that the applied scanning speed was too high for completely remelting of all the components of powder mixture. This concerns mainly high-melting particles of B 4 C.
Corrosion tests were conducted during this study. They confirmed the beneficial effect of addition the boron carbides B 4 C and Si particles to increase the corrosion resistance in comparison to the Fe-B coatings. The corrosion potential and corrosion current of tested samples were determined and were presented in Table 3 .
In Figure 6 was presented potentiodynamic curves. Offset of curves towards lower values of corrosion current and of positive values of corrosion potential testifies to increase the corrosion resistance of the tested coatings. Growth of potential in the positive In Figure 7 were presented surface condition of coating after the corrosion resistance tests. It was found that the addition of B 4 C and Si particles increases corrosion resistance (Fig. 7a ) in comparison to Fe-B coating (Fig. 7b) . In coatings produced using only Fe-B powder, more corrosion defects were revealed.
CONCLUSIONS
-Fe-B coatings produced by laser cladding had very well bonded to steel substrate. -Fe-B coatings reinforced by B 4 C and Si particles were characterized by increased microhardness and corrosion resistance. -Increased of microhardness was result of the presence of silicide and boride phases in produced coating
